Abstract. A semianalytical model developed to estimate the Secchi disk depth (Z SD ) was used in eutrophic-to-hypereutrophic reservoirs (Ibitinga, Ibi, and Barra Bonita, BB) placed in the cascade system of the Tietê River, Brazil. The model was evaluated using the simulated remote sensing reflectance based on the Ocean and Land Color Instrument/Sentinel-3A and the Operational Land Imager/Landsat-8 from both reservoirs. Three quasianalytical algorithm (QAA) versions (QAA v5 , QAA M14 , and QAA W16 ) were evaluated to derive the absorption and backscattering coefficients, and then used for Z SD retrieval. For BB, where the chlorophyll-a concentration exceeded 200 mg m −3 , the model based on QAA v5 showed high uncertainties while the QAA W16 , which was originally parameterized for BB showed better performance regarding the Z SD retrieval (mean absolute percentage errors-MAPE of 22%). However, QAA W16 did not perform satisfactorily for Ibi, which is dominated by colored dissolved organic matter (CDOM). For Ibi, QAA v5 provided the best result with MAPE of 34.60%, followed by QAA M14 with 34.65%. QAA-based Z SD models tend to perform poorly in waters with high concentration of chlorophyll-a possibly due to phytoplankton package effect, whereas the same models may require additional parameterization in waters dominated by CDOM. Landsat-8 data showed significant potential for Z SD retrieval in inland waters. © 2018 Society of Photo-Optical Instrumentation Engineers (SPIE)
Introduction
Water transparency is often related to water quality since it shows the impact of in-water components to the attenuation of light. Secchi disk depth (Z SD ), a proxy for water clarity, can be useful to estimate the concentrations of phytoplankton or suspended matter and to evaluate the trophic status and need for restoration of a water body. 1 Collecting representative in situ Z SD for a water body is both labor and cost intensive and not practical, therefore demands a remote sensing solution that could be very useful in water quality monitoring.
Satellite remote sensing has been used frequently for estimating optically significant constituents such as chlorophyll-a (Chl-a), suspended particulate matter (SPM), and colored dissolved organic matter (CDOM), particularly in ocean and coastal waters. To retrieve Z SD from space, authors of Ref. 2 developed a new theoretical semianalytical model, which can be applicable to a wide range of environments. However, the approach did not consider very turbid and productive waters, where the absorption and scattering components are higher, making the water body optically more complex than coastal and seawaters. 3 The estimation of the inherent optical properties (IOPs) represented by the total absorption and backscattering coefficients [aðλÞ and b b ðλÞ], used as input for the model from Ref. 2 was based on the quasianalytical algorithm (QAA 4 ), which was also designed for ocean and coastal waters; however, for turbid inland waters, authors of Refs. 5 and 6 observed that reparameterizing the native form of QAA significantly improved the accuracy of estimation of the vertical diffuse attenuation coefficient (K d ) and the euphotic zone depth (Z eu ). For that reason, the native form of QAA 2 performed poorly in retrieving the Z SD in two eutrophic reservoirs placed in a cascade system in Brazil. The first one (upstream) is Barra Bonita (BB), which is dominated by phytoplankton, and the other (downstream) is Ibitinga (Ibi), a dissolved organic matter dominated system.
Observing the main QAA versions available for inland waters, it is noticeable that shifting the reference wavelength (λ 0 ) to the near-infrared, the retrieval of aðλÞ gets improved. Several researches reparameterized the original form of QAA 4 and modified the empirical steps regarding the estimation of aðλÞ and b b ðλÞ and obtained the results presented in Table 1 .
The main issues regarding the application of the original QAA in turbid inland waters were listed by Ref. 5 , and it was related to the λ 0 chosen to derive aðλÞ using a synthetic data set. An empirical step of the native form was also calibrated using data from open ocean or coastal areas, which the optical properties are different from those of the turbid inland waters.
In this study, the new theoretical semianalytical model was applied to both reservoirs to retrieve Z SD . Its performance was evaluated in comparison to three QAAs, the native form of QAA developed for coastal and seawaters 10 
Material and Methods

Study Area
BB and Ibi reservoirs are situated in the middle portion of the Tietê River, São Paulo State (Fig. 1) . BB (22°31′10″S, 48°32′3″W), created by damming of the Tietê and Piracicaba Rivers began, its operation in 1963 by flooding an area of 310 km 2 , with a dam length of 480 m and residence time of 90.3 days. 11 Ibi (21°45′28″S, 48°59′30″W) is a run-of-river reservoir and began its operation in 1969 by flooding an area of 114 km 2 , with an average depth of 9 m and mean residence time of 21.6 days.
11
BB reservoir is a system characterized as polymictic and hypereutrophic to eutrophic with a high content of nutrients, whose contribution leads to the development of blooms of cyanobacteria during the summer and Bacillariophyceae during the winter. 12 The Piracicaba and Tietê Rivers carry organic and inorganic waste from agricultural, urban, and industrial activities affecting the water quality. Ibi is characterized as polymictic, turbulent, and eutrophic reservoir; however, the trophic state can be affected by rainy and dry seasons depicting intense eutrophication process in the rainy season. The drainage basin is covered by pasture, agriculture, reforested areas, and native vegetation.
Fieldwork
Three field campaigns were carried out: in austral autumn (BB1: 5 to 9 May, 2014), austral spring (BB2: 13 to 16 October, 2014), and in austral winter (Ibi: 19 to 23 July, 2016). Autumn and spring are known for intermediate precipitation amounts between summer (wet period) and winter (dry period). The samples collected near the dam (n ∼ 3) were spectrally clearer than the others along the reservoir considering BB1. For BB2, the samples were collected in the same spots as BB1; however, all of them showed to be spectrally turbid. For Ibi, the samples were collected along the reservoir respecting a minimum distance of 1 km. The spectral variability was not evident due to homogeneous turbidity along the river.
Biogeochemical Characterization
Water samples were acquired from the surface layer of the water column (∼20 cm) and then filtered under vacuum pressure through a Whatman fiberglass GF/F filter with a porosity of 0.7 μm, and then frozen for laboratory analysis. The chlorophyll was extracted by maceration in 90% acetone solution and analyzed by a spectrophotometer. 13 The method described in Ref. 14 was used to determine the SPM concentration, which consisted in the filtration of the water on the same day of collection through a Whatman fiberglass GF/F filter with 0.7 μm pores previously calcined at 470°C, then refrigerated until analysis. The filters were placed for 12 h in an oven at 100°C, after which they were weighed, then placed in an oven at 470°C for 1 h and, finally, weighed again. 
In Situ Radiometric Data
The remote sensing reflectance (R rs , sr −1 ) spectra were estimated from radiometric measurements taken between 10 a.m. and 2 p.m. 15 During the field campaigns, the sky was mostly clear with only a few days of partial cloud cover. In addition, no whitecaps or foam was observed at the time of data collection. At each sampling station, below and above water surface radiometric measurements were acquired using hyperspectral radiometers, RAMSES TriOS ® (TriOS, Germany), operating in the spectral range between 400 and 900 nm. The best approximation of R rs values was calculated from the radiometric quantities according to Ref. 16 and described in Ref. 17 .
The R rs spectra were matched with satellite data by convoluting the spectral response functions of Operational Land Imager (OLI) from Landsat-8 and of Ocean and Land Color Instrument (OLCI) from Sentinel-3 bands to derive the band-weighted reflectance data as presented as 18 E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 1 ; 1 1 6 ; 5 7 3 R OLI;OLCI rs
where R
OLI;OLCI rs
is the remote sensing reflectance at OLI and OLCI spectral bands; λ i and λ j are the lower and upper limits of the band λ k , respectively. SðλÞ is the spectral response function of the i'th spectral band of OLI and OLCI. 
where K tr d is the diffuse attenuation coefficient of downwelling irradiance of the transparent window and here represents the minimum value within the visible domain (443, 482, 560, and 665 nm). In eutrophic waters, the maximum transmission of light occurs in the green region, and this is due to the selective absorption in the blue and red spectral regions. 10 as input without any reparameterization or additional calibration. However, QAA v5 was first applied to coastal and ocean waters, therefore, two variants of QAA reparameterized to inland waters were also evaluated aiming to assess their performances in retrieving Z SD using data from both study areas (QAA M14 and QAA W16 ). 7, 8 The main feature that characterizes both QAA forms is the reference wavelength (λ 0 ) set to 709 nm, where the aðλÞ is dominated by pure water absorption considering turbid inland waters. 7 The wavelength at 709 nm can be found in OLCI bands, but other wavelengths at the near-infrared can also be chosen depending on the satellite sensor of choice. In addition, empirical steps were also modified to meet the particularities of turbid inland waters such as the aquaculture ponds in Mississippi and in a Brazilian reservoir dominated by phytoplankton and cyanobacteria.
The statistical indicators used for model validation were the total root mean square error (RMSE) and the mean absolute percentage error (MAPE) presented as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 3 ; 1 1 6 ; 1 6 1
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 4 ; 1 1 6 ; 1 0 9
where n is the number of samples x est;i and x meas;i represent the estimated and measured values, respectively.
Validation using OLI/Landsat-8 data
The OLI products were downloaded from the U.S. Geological Service website. The Provisional Landsat 8 Surface Reflectance (L8SR) product, which is produced using specialized software, has been applied in aquatic environments to retrieve water quality parameters. 21 In situ Z SD data (n ¼ 8) were compared with Z SD retrieved by OLI data. The in situ data collection occurred on the same day of Landsat-8 overpass. Images from Sentinel-3 were not used due to the absence of near-coincidence overpass data.
Results and Discussion
In-Water and Optical Parameters
The difference in average turbidity between BB1 and BB2 was statistically significant (p-value < 0.05, Table 2 ). The same result was also observed for Chl-a and SPM concentrations. The increase of Chl-a concentration in BB2 was due to the drought effect leading to flow reduction and longer water retention time. 22 High values of Chl-a for BB revealed the eutrophic status of the water, mainly in the winter.
Ibi showed values of Chl-a, SPM, and turbidity below the averages of BB and the water transparency was higher than in BB highlighting the slight improvement of water quality in Ibi. In addition, values of a CDOM from Ibi showed twofold higher than BB1, depicting the organic matter domination. According to Ref. 23 , the a CDOM ð440Þ showed low spatial variability in Ibi for the months of February, March, May, and July, and the highest value was noticed upstream in the confluence of Tietê and Jacaré-Pepira Rivers, which is placed in the Environmental Protection Area of Ibitinga (APA-Ibitinga). Comparing both reservoirs, BB is more turbid due to high contribution of phytoplankton, specifically data from BB2 indicated very high algal turbidity with the highest Chl-a value being 797.80 mg m −3 . Ibi, on the other hand, presented low concentrations of Chl-a, where the average was 21.8 mg m −3 and the values ranged between 1.37 and 119.04 mg m −3 . The absorption data from both reservoirs again depicted the influence of phytoplankton in BB; however, Ibi showed dominance of CDOM (Fig. 2) .
Z SD Estimation
The result from the mixed data using bands from OLI (BB + Ibi) showed an RMSE of 0.69 m, which is below the average derived from the mixed data acquired in the field (mean Z SD ¼ 1.54 AE 0.76 m). Analyzing of the model performance for each reservoir separately, BB and Ibi showed an average error of 0.49 and 0.89 m, respectively. Results using the simulated OLCI bands revealed different model accuracies for each reservoir as presented in Table 3 . Table 2 Summary of optical and biogeochemical parameters. Data are displayed in average (standard deviation). The Z SD estimation for BB, which is dominated by phytoplankton, was improved when the IOPs were retrieved using QAA W16 , whereas for Ibi, which is an organic matter-dominated water, the QAA v5 version performed better than the others. Reference 16 also observed improvements on Z SD estimation when the version of QAA v5 was modified. Reference 5 in order to derive K d in a very turbid lake in Japan, evaluated a semianalytical approach. They noticed that replacing the QAA v5 by QAA_Turbid, 24 the retrieval of K d had great improvements. Thus, the results corroborate to the fact that water bodies with different in-water composition can limit the application of a single approach to derive the IOPs, demanding for additional parameterization in order to achieve satisfactory outcomes.
The original model from Ref. 2 was validated using a wide range of data but very few from inland waters, and it showed an average absolute difference of 18% and R 2 of 0.96 with Z SD ranging between <1 and >30 m without any additional reparameterization. In hypereutrophic to eutrophic waters such as BB, the estimation of a and b b using QAA with λ 0 ¼ 560 nm can be highly erroneous and according to Ref. 7, the a budget in such instances is dominated by nonwater constituents, which makes the empirical estimation of að560Þ weak. For very turbid productive waters, studies have shown that bands at longer wavelengths near 708 nm are suitable for IOPs estimation; however, this band is absent in Landsat-8. 7, 8, 24 The package effect can also be considered as a source of error influencing the absorption spectra by reducing it in places where the Chl-a exceeds 200 mg m −3 , 25 leading to erroneous measures of R rs (input for Z SD modeling). In case of Ibi, which is a CDOM-dominated system, the results revealed the suitability of QAA v5 in retrieving Z SD . Reference 26 using different QAA forms, considering inland waters dominated by phytoplankton and coastal and sea waters, observed that QAA M14 and QAA v5 returned better results, respectively, in CDOM-dominated reservoirs in Brazil. Mixing the steps from both algorithms and reparameterizing, the empirical step χ and the analytical step relative to aðλÞ retrieval by computing the CDOM influence, the results improved, and the normalized root mean square errors of a (400 to 750) were 30.71% and 14.51% for Funil and Itumbiara reservoirs, respectively. The modifications included OLCI bands. The low Z SD observed in BB was attributed to the presence of high concentrations of Chl-a and SPM. The relationships of Z SD with Chl-a and SPM showed a nonlinear correlation (R 2 ¼ 0.72 and R 2 ¼ 0.75, respectively). In Ibi, the relationships of Z SD with Chl-a and SPM also depicted a nonlinear correlation (R 2 ¼ 0.61 and R 2 ¼ 0.60, respectively). The biogeochemical analysis corroborated to these observations highlighting the high influence of phytoplankton on the water quality. High Chl-a is a direct result of high loads of nutrients that BB receives from urban centers and industries in the watershed. Ibi is the third reservoir in the cascade and due to its position along the river is still being influenced by the urban and industrial centers of the metropolitan region.
Z SD Validation Using OLI Data
To evaluate the performance of the Z SD model (based on QAA v5 ) using satellite data, the bands simulated using in situ data were coanalyzed with OLI atmospherically corrected data acquired at the same day of sampling collection. The results showed an MAPE of 15.02%, 15.88%, 19.58%, and 22.37% correspondent to the bands centered at 443, 482, 560, and 658 nm, respectively [ Fig. 3(a) ]. After applying the Z SD model based on QAA v5 on the OLI image from July 21, 2016 the results presented an RMSE of 0.46 m and MAPE of 19.04%.
According to Fig. 3(b) , the water column from the south region showed increased attenuation than the north, and the same was also observed from the tributaries. These may be explained by the cascading reservoir continuum concept that demonstrate a growing eutrophication of the uppermost reservoirs, such as Bariri and BB placed upstream in the Tietê River, with an impact on the water quality of the downstream reservoirs. 27 
Conclusion
The semianalytical model from Ref. 2 was applied to two eutrophic reservoirs situated in the Tietê River. The results showed that Z SD based on QAA W16 produced the lowest errors for BB and Z SD based on QAA v5 yielded the lowest errors for Ibi. Both reservoirs have different composition, and BB is dominated by phytoplankton, whereas Ibi is dominated by CDOM. These variability in bio-optical properties can lead to different performance of semianalytical approaches due to the presence of empirical steps in the modeling. The accuracy in BB was still not satisfactory most likely due to the package effect, which is a result of high concentrations of Chl-a. The Z SD in BB showed an exponential decay with the SPM concentration (R 2 ¼ 0.72) and a power function with Chl-a (R 2 ¼ 0.75). The relationship among Z SD , Chl-a, and SPM showed an inverse trend highlighting the decline of transparency with increasing suspended matter. In Ibi, Z SD retrieved by QAA v5 and QAA M14 exhibited better results compared to other QAA version, but in order to be able to use Landsat-8 data, the first approach was picked. In situ Z SD also had a nonlinear trend when correlated to Chl-a (R 2 ¼ 0.61) and SPM (R 2 ¼ 0.60) concentrations. The main issue in deriving Z SD is the accurate determination of the IOPs, therefore, much effort is still needed to be undertaken in order to decrease the uncertainties in Z SD modeling in aquatic systems varying widely in their optical properties.
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